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1.
The MACHO and EROS Collaborations, monitoring millions of stars in the
Large Magellanic Cloud (LMC), have seen at least fourteen instances of
microlensing [1-3]. The simplest interpretation is that about one third of the
halo of our own Milky Way galaxy exists in the form of objects of around 0:5
solar mass. There are problems with this interpretation. A normal stellar
population of 0:5 solar mass stars should be visible [4]. The remaining candidate
for the lenses is a population of white dwarfs. But, the precursor population
must have enriched the interstellar medium with metals, in conflict with current
population II abundance ratios [5,6]. Moreover, the mass budget is very high,
because the eciency of making white dwarfs is only around ten per cent [7].
Here, we propose a more conventional, but at the moment more speculative,
explanation. Some of the lenses are stars in the disk of the Milky Way a few
kiloparsecs from us. They lie along the line of sight to the LMC because of
warping and flaring of the Galactic disk. Microlensing towards the LMC is
telling us more about the structure and stellar populations of the outer Milky
Way disk than the composition of the dark halo.
Recently, the MACHO group has announced the provisional discovery of six more events
[8], taking the total to fourteen events over the past four years. The tentative estimate
of the optical depth to microlensing is about 2 10−7. This result must be treated with
some reserve as it is based on the eciency curves calculated from the two-year data-set.
The optical depth may fall still lower once the four-year eciencies become available.
If the lenses lie in the halo, then the typical mass of a lens is around 0:5 solar masses.
This innocent-looking statement does not sit comfortably with other well-established
astronomical facts. First, it is hard to understand what kind of astrophysical objects
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comprise the lensing population, as normal stars and white dwarfs are not believable [4-7].
Second, if this simple interpretation were correct, it would indicate that the bulk of the dark
baryons are in stars, whereas there is ample evidence that as late as a redshift of one half,
most of the baryons were still in gaseous form (the amount of hot gas in clusters is at least
as large as the maximum abundance of baryons permitted by primordial nucleosynthesis).
Third, the simple interpretation implies that our dark halo has two dierent but comparable
components { dark stars and something else, with particle dark matter as the leading
possibility { whereas Occam’s razor would prefer a single component.
The aim of this Letter is to suggest a more conventional, albeit speculative, possibility:
Many of the lenses lie in the warped and flaring disk of the Milky Way and form an ordinary
stellar population. Together with contributions from other foreground stellar populations,
they provide the microlensing optical depth detected by the observers. In particular,
Sahu [9] pointed out that the some of the lenses may be in the stellar disk and bar of
the LMC itself. The optical depth to microlensing of the LMC disk and bar is 0:5 10−7
at most [3,10]. Gates et al. [11] have put forth the possibility that hitherto undetected
stellar populations in the spheroid or thick disk may contribute to the microlensing optical
depth. Zaritsky & Lin [12] have associated a feature on the colour-magnitude diagram
with a possible stellar population lying some 15 kpc in front of the LMC in a band of
material associated with the Magellanic Stream. They have estimated its optical depth
may be of the order 0:5 − 1:0  10−7, although others have contested this interpretation
[13]. Our suggestion is that the Milky Way disk can provide roughly the same contribution
of 0:5− 1:0 10−7. Previous investigators estimated the thin disk to have an optical depth
of 0:15  10−7 by idealising it as a flat exponential disk of uniform scale-height [3]. This
is likely to be an serious underestimate, as the Milky Way disk shows very substantial
deviations from flatness. For example, the layer of neutral hydrogen gas is severely warped
beyond the solar circle [14,15]. The midplane of the gas and the stellar disk falls to 1.0 - 1.5
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kpc below the Galactic equator in the south [14-16]. Beyond 15 kpc, it bends back to the
equatorial plane in the south, while continuing to rise to more than 5 kpc out of plane in
the north. The Milky Way disk also flares strongly beyond the solar circle. The scale-height
of the neutral hydrogen increases by a factor of ten on moving outwards from the solar
circle to Galactocentric radii about 25 kpc [17].
To estimate the microlensing observables, let us model the surface density of the disk
by a declining exponential in Galactocentric radius R. The vertical prole of the thin disk
follows roughly a hyperbolic-secant squared prole whereas the thick disk is well-modelled
by an exponential prole in height above or below the midplane of the warp jz − zwj. A
reasonably realistic density law { at least locally { is [18]
(R; z) = 0 exp(−R=Rd)
h




Here, zw depends on Galactocentric radius R because of the warp and the flare causes the
scaleheights zthin and zthick to increase with R. The overall normalisation 0 is chosen to
recover the column density of the thin and thick disks at the solar radius (R = 8 kpc) of
42Mpc
−2. This is slightly higher than the recent determination from analysis of Hubble
Space Telescope (HST) elds [18], but quite consistent with dynamical estimates. For
example, Gould [19] reckons the total mass of the disk is 54 6Mpc−2 of which 13Mpc−2
is in gas. The remainder is in the stars of the thin and thick disk and available for
microlensing. Over the region of interest, the warp zw is well approximated by a single sine
curve with an amplitude that rises linearly with distance from the Solar circle and reaches
1.5 kpc at a Galactocentric radius of 15 kpc. The scale-height of the thin disk zthin at the
Sun is 350 pc, whereas the scale-height of the thick disk is 700 pc [18]. Both the thin and
the thick disk are allowed to flare linearly so that the scale-height increases by a factor of
ten by a Galactocentric radius of 25 kpc. Figure 1 shows a view of the warped and flaring
stellar disk of the Milky Way, together with a line of sight towards the LMC. The disk’s
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radial scale-length Rd is dierent for dierent stellar populations, but probably lies within
the range 2.5 to 4.5 kpc [20]. If the scale-length is 4.0 kpc, the microlensing optical depth is
0:5 10−7. Allowing the scale-length to increase to 4.5 kpc augments the optical depth to
a value of 0:6 10−7. Alone, these values are lower than the observations. Taken together
with the contribution of the LMC itself [9] and the foreground population [12], the optical
depth matches or even exceeds the observations. Figure 2 shows the cumulative probability
histogram of the MACHO four-year data [3,7] of thirteen events (the binary event has been
removed because it is almost certainly due to LMC self-lensing). Note that the data shows
strong evidence of clumping, with over half the events possessing timescales between 30
and 45 days. This emerges naturally in our picture, as the lenses share the velocity eld of
the rotationally supported disk and have heliocentric distances of rougly  20 kpc. Thus
the mass distribution dominates the observed scatter in the timescales. Let us assume that
the present-day mass function (PDMF) of the lenses is a Salpeter-like power-law down to
 0:6 M before flattening o. This is the mass function determined from recent HST
star-count data in high latitude elds [18]. The velocity distribution of the lenses is taken
as an anisotropic Gaussian about the circular speed. Correcting for the eciency of the
experiment with the two-year eciency curve [3], our model predicts that the number of
events the MACHO group would have seen over the four-year period of the experiment is
4 − 6. The probability of detecting an event with timescale less than t0 in our model is
plotted in Figure 2. It is overlaid on the actual timescale histogram of events. Although
the t is very good, we caution that this is not a denitive test { halo models with sharply
peaked mass functions can also give good ts.
Studies of external galaxies support the idea that exponential disks like (1) may still
be too idealised and raise the posssibility that the microlensing optical depth of the Milky
Way disk is yet higher. Examination of the infra-red light proles (which trace the mass
better than the visible) of large samples of of eld spirals shows that deviations of up
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to 50% from best t exponentials are not uncommon. Additionally, severe lopsidedness
(> 20%) and some degree of ellipticity (10%) are frequent in late-type spirals and have
already been suggested in the Milky Way on the basis of kinematical evidence [21,22]. If
the Milky Way is slightly elliptical ( 10%) and lop-sided ( 10%), then the optical depth
rises to 0:8 10−7. Merging and interacting galaxies can show large deviations from simple
models. While the Milky Way is not presently undergoing a major merger, the estimated
mass of the Sagittarius dwarf galaxy continues to increase [23], leading one to believe that
the damage it has inflicted on the Milky Way disk may be larger than originally suspected.
Numerical simulations of sinking satellites [24] show that a very characteristic eect of
accretion is the flaring of fragile galactic disks.
Our model makes bold claims and is not dicult to test. However, it is important to
note that such tests must be deep enough to probe the large-scale structure of the Milky
Way disk. It is only recently that star count data-bases extending far enough from the
solar position have been compiled. One straighforward way to test our model is to look for
evidence of a stellar flare towards the Galactic anti-center. This is a conclusive test as the
microlensing optical depth in our model depends strongly on the magnitude of the flare.
Integrated starlight measurements may also be useful in elucidating the global structure of
the Milky Way disk but are unfortunately bedevilled by uncertainties in the distribution of
Galactic extinction. Directly observing the lenses may be possible. However, the typical
distance modulus for lenses is around 17 making this very challenging. Our model predicts
the optical depth depends quite strongly on Galactic latitude. The LMC does not span
much latitude itself, so the events should be spread over the whole area of the LMC disk.
Towards the higher latitude Small Magellanic Cloud, this model predicts a much lower
optical depth of 2:0  10−8. Since the lenses are primarily low-mass disk stars at large
distances from the Sun, neither blending [25] nor parallax [26] eects are important.
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Microlensing began as an innovative approach to identifying the nature of dark matter
in our Galaxy. In the end, microlensing may teach us more about the structure of the
Galaxy than about dark matter. The high microlensing rate toward the Galactic Center
has already provided further conrmation of the bar-like geometry of the Galactic bulge
[27]. Our suggestion that some of the lenses responsible for the LMC microlensing events
lie in the warped and flaring disk may seem speculative, but it provides the best and most
coherent explanation of data that is otherwise frustratingly hard to understand. If our
suggestion is correct, microlensing towards the LMC is of value in probing the shape of the
Galactic disk, as well as exploring other Galactic components. Perhaps more importantly,
microlensing will have exhausted the last baryonic candidate for the halo dark matter,
leaving elementary particles left over from the earliest moments as the likeliest remaining
possibility.
We thank participants at the Aspen Center for Physics workshop on microlensing {
especially Tim Axelrod, Eamonn Kerins, David Gra, Andy Gould, Kris Stanek and Dennis
Zaritsky { for helpful discussion of this idea.
{ 8 {
REFERENCES
[1] Alcock C., et al., Possible Gravitational Microlensing of a Star in the Large Magellanic
Cloud, Nature, 365, 621-623 (1993)
[2] Aubourg E., et al., Evidence for Gravitational Microlensing of Dark Objects by the
Galactic Halo, Nature, 365, 623-625 (1993)
[3] Alcock C., et al., The Macho Project Large Magellanic Cloud Results from the First
Two Years and the Nature of the Galactic Dark Halo, ApJ, 486, 697-727 (1997)
[4] Gra D., Freese K., Analysis of a Hubble Space Telescope Search for Red Dwarfs: Limits
on Baryonic Matter in the Galactic Halo, ApJ, 456, L49-53 (1996)
[5] Kawaler S.D., Limits on the Halo White Dwarf Component of Baryonic Dark Matter
from the Hubble Deep Field, ApJ, 467, L61-64 (1996)
[6] Gra D., Laughlin G., Freese K., ApJ, MACHOS, White Dwarfs and the Age of the
Universe, in press (1997)
[7] Fields B., Mathews G.J., Schramm D.N., Halo White Dwarfs and the Hot Intergalactic
Medium, ApJ, 483, 625 (1997)
[8] Axelrod T., seminar at the Aspen Center for Physics (1997)
[9] Sahu K., Stars within the Large Magellanic Cloud as Potential Lenses for Observed
Microlensing Events, Nature, 370, 275-276 (1994)
[10] Gould A., Self-lensing by a Stellar Disk, ApJ, 441, 77-78 (1995)
[11] Gates E., Gyuk G., Holder G., Turner M.S., No Need For Machos in the Halo, ApJ,
submitted (1997)
[12] Zaritsky D., Lin D.N.C., Evidence for An Intervening Stellar Population Toward the
Large Magellanic Cloud, AJ, in press.
{ 9 {
[13] Alcock C., et al., Is the Large Magellanic Cloud Microlensing Due to an Intervening
Dwarf Galaxy?, ApJ, 490, L59-62 (1997)
[14] Burton W.B., The Structure of Our Galaxy Derived from Observations of Neutral
Hydrogen, in Galactic and Extragalactic Radio Astronomy, (eds Verschuur G.L., &
Kellermann K.I.) 295-358, (Springer, New-York, 1988)
[15] Burton W.B. and te Lintel Hekkert P., The Shape of the Outer-Galaxy HI Layer. I.
Atlas of Volume Densities in Cuts through a Composite Galactocentric Data Cube,
AASS, 65, 427-463 (1986)
[16] Reed B., Evidence for a Warped Distribution of OB Stars in the Southern Milky Way,
AJ, 111, 804-808 (1996)
[17] Wouterloot J.G.A., Brand J., Burton W.B., Kwee K., IRAS Sources Beyond the Solar
Circle II - Distribution in the Galactic warp, AA, 230, 21-36 (1990)
[18] Gould A., Bahcall J.N., Flynn C., 1997, ApJ, M Dwarfs From Hubble Space Telescope
Star Counts III: the Groth Strip, ApJ, in press (1997)
[19] Gould A., Galactic Disk Column Density by Maximum Likelihood, MNRAS, 244, 25-28
(1990)
[20] Gilmore G., King I., van der Kruit P., The Milky Way as a Galaxy, chap 15, (Mill
Valley Science Books, Mill Valley, California, 1990)
[21] Kuijken K., Tremaine S.D., On the Ellipticity of the Galactic Disk, ApJ, 421, 178-194
(1994)
[22] Kuijken K., The Milky Way: Lopsided or Barred? in Warped Disks and Inclined Rings
around Galaxies (eds S. Casertano, P.D. Sackett, & F. Briggs) 159-170 (Cambridge
University Press, Cambridge, 1991).
[23] Lin D.N.C., The Mass of the Galactic Halo, Magellanic Stream, Galactic Satellites
{ 10 {
and the Warp of the Galactic Disk, in Gravitational Dynamics (eds O. Lahav, E.
Terlevich & R. Terlevich) 15-34 (Cambridge University Press, Cambridge, 1996)
[24] Quinn P.J., Goodman J., Sinking Satellites of Spiral Systems, ApJ, 309, 472-495 (1986)
[25] di Stefano R., Esin A.A., Blending of Light in Gravitational Microlensing Events, ApJ,
448, L1-4 (1995)
[26] Gould A., Miralda-Escude J., Bahcall J.N., Microlensing Events: Thin Disk, Thick
Disk or Halo?, ApJ, 423, L105-108 (1994)
[27] Paczynski B., et al., Are the OGLE Microlenses in the Galactic Bar?, ApJ, 435,
L113-116 (1994)










Fig. 1.| This is a schematic gure of the Milky Way stellar disk, together with the line
of sight from the Sun towards the Large Magellanic Cloud. The upper panel (a) shows the
behaviour of the mid-plane of the stellar disk. The Sun lies nearly on the line of nodes of the
warp. The stellar disk is assumed to warp in a linear fashion to large Galactocentric radii.
Note that this is dierent from the behaviour of the Milky Way gas disk, which bends back
towards the Galactic equator in the south. The lower panel (b) is a cross-section along the
ridge-line of the warp showing the flare at large radii. The flare is taken as varing linearly


















Fig. 2.| The probability of detecting an event with timescale less than t0 is plotted against
t0 for our warped, flaring disk model. This is calculated including the eects of the proper
motion of the LMC, the dispersion and the asymmetric drift of the warped and flaring stellar
population. However, the eects of the stellar populations in the Large Magellanic Cloud
itself or any intervening stellar contaminant are not incorporated { these are too uncertain to
model with any accuracy. The mass function of the lenses is that deduced by Gould, Bahcall
& Flynn [18] from analysis of star count data in the Groth Strip. The velocity distribution
is a trivariate Gaussian with semi-axes 2 : 1 : 1 about the circular speed. The underlying
histogram is the four-year dataset of the MACHO group [3,8].
